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Alga, met. Weight loss and polarization techniques have been used to investigate he rates 
of dissolution of copper single crystal (100), (110) and (111) planes in 0-I M H 2 SO,, as well 
as in the presence of various concentrations (10 -s M to 10 -2 M) of 2-mercapto pyrimidine 
(2-MP). The corrosion rates of copper single crystal plane were controlled by surface reaction 
which was found to be a function of crystallographic orientation, temperature and concentratiofl 
of 2-MP. The stabilities of the crystal planes in pure acid were found to be (111) > (100) > (110). 
However, at the critical concentration of2-MP (10 -2 M) the order of stability was found 
to be (110)> (100)> (111). The observed corrosion data revealed that inhibition of copper 
corrosion takes place by surface adsorption of inhibitor molecules, indicating a Bockris- 
Swinkels type of adsorption isotherm. Inhibitor eflicieneies derived from weight loss and 
polarization techniques showed good agreement. The order of stability of the crystal planes 
was further confirmed by surface topographical changes during corrosion and also by the 
thermodynamics of adsorption of inhibitor molecules. 
Ke~,~tdL Inhibition of corrosion; adsorption isotherm; corrosion of copper, corrosion- 
inhibition by 2-mercapto pyrimidine. 
I. Introduction 
It is known that crystals exhibit anisotropy, i.e. properties uch as surface free energy, 
thermionic emission contact potential, photoelectric emission, rupture strength and 
rates of dissolution (Glauner and Glocker 1931; Farnsworth and Rose 1933; 
Farnsworth and Winch 1940; Smoluchoski 1941; Seitz 1943) vary with orientation 
of the crystal planes. There are no systematic studies that have been carried out on 
the effect of crystallographic orientation on corrosion rates under different conditons. 
The use of nitrogen- and sulphur-containing organic compounds as corrosion 
inhibitors is widespread, although the mechanism of their action is not understood 
completely perhaps because of the complexity of the corrosion process. Several 
mechanistic approaches have been attempted to explain the function of corrosion 
inhibitors of which the theory of inhibition by adsorption is most widely accepted 
(Hackerman and Hurd 1961). The reaction of corrosion inhibitors a t  the metal -  
solution interface has been evaluated by adsorption characteristics and thermo- 
dynamics of adsorption (Mayanna 1975; Rudresh and Mayanna 1977; Dinnappa and 
Mayanna 1981). It has been shown (Mayanna 1975; Dinnappa and Mayanna 1981) 
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that the choice of suitable inhibitor in a given corroding medium depends on several 
factors, the most important of which are the nature of the metal, the type of corrosion 
medium, the magnitude of the charge at the metal-solution i terface and the nature 
of the cathodic reaction. 
Copper is widely used in various industrial operations and study of the corrosion of 
copper and its inhibition is a subject of practical significance (Mayanna and Setty 
1975; Ahmcd et al 1977; Rudresh and Mayanna 1977; Siddagangappa et al 1978; 
Lewis 1982; Subramanyam et al 1984). Most of the earlier works on the corrosion of 
copper and its inhibition by suitable inhibitor~ deals with polycrystalline copper. 
In order to evaluate a molecular mechanism of the inhibitory effects of certain 
compounds we have chosen 2-mercapto pyrimidine (2-MP), a compound confining 
both sulphur and nitrogen, as a typical inhibitor molecule and have taken well-defined 
copper single-crystal planes for corrosion inhibition studies. 
2. Experimental 
Sulphuric acid (AR) was distilled once and used. 2-mvrcapto pyrimidinc (Sigma 
Chemical Company, USA) was used without further purification. All solutions were 
prepared by using double-distilled water. Fifty millilitres of 0.1 M H2SO + solution 
were taken in a three-necked flask of 100 ml capacity and thcrmostatted at the desired 
temperature. 
Copper single-crystal (99.99% purity) planes having a surface area of 0-3 cm 2 were 
fixed in tygon tubing exposing only the desired plane. These crystals were mechanically 
polished on 4/0 emery paper, using ethanol as the lubricant, and subsequently 
r in 1 : 1 orthophosphoric a id for 30 minutes at a anodic cell potential 
of 1-2 V (Jacquet 1949). The crystal was taken out before switching off the current 
and washed with 10% orthophosphoric a id followed by distilled water. The crystal 
was then immediately transferred to the corrosion cell through the central neck and 
suspended in the corrosive medium such that the desired crystal plane was held 
horizontally just below the surface of the solution for various intervals of time. The 
corrosive media were aerated and stirred solutions of 0-1 M H2SO + with and without 
2-MP. During corrosion, potentials were measured with respect to a saturated calomel 
electrode using a digital multimctcr (Systronics model 435) with an accuracy of 
+ 1 inV. The crystal was removed after the desired exposure (1-6 h) and washed with 
small quantities of triple-distilled water. The corrosion rate was calculated by 
estimating the amount of copper dissolved in the solution colorimvtrically (Sherman 
and Eyring 1932). 
Anodic polarization measurements were carried out in a current density range of 
0-5-15mA/cm 2. Surface characteristics of the copper single crystal planes after 
dissolution were examined under a metallurgical microscope. Microphotographs wore 
taken whenever necessary at a magnification of 500 X. 
3. Results and discussion 
3.1 Weight loss measurements 
Copper single crystal (100), (110) and (111) planes were dissolved in aerated and stirred 
0.1 M H 2 SO+ solutions without and with various concentrations (10-5 M to 10-2 M) 
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Ta lk  !. Variation of dissolution rate of copper single 
crystal planes with concentration of 2-MP at 303 K. 
2-MP 
Concent- 
ration 
Dissolution rate (mg/cm2/h) 
(100) (1 lO) (111) 
0 0076(52) 0-091(62) 0-06(32) 
10- s M 0-065(71) 0-083(74) 0-05(56) 
10- * M 0-0585(90) 0-075(89) 0-04(70) 
10-aM 0026(109) 0-044(115) 0-033(87) 
10 -2 M 0-012(124) 0-007(138) 0-0132(103) 
Steady corrosion potential values in mV with reference to 
standard calomel electrode arc given in parentheses. 
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Figure l. Variatiofl of percentage protection with concentration f 2-M P. 
of 2-MP at 303 K and the dissolution rates (mg/cm2/h) calculated. 2-MP showed a 
significant inhibitory effect on the corrosion of copper in H2SO4. Corrosion rates 
were found to be a function of 2-MP concentration and crystallographic orientation. 
Table 1 gives the values of the corrosion rate of copper in the absence and in the 
presence of 2-MP at various concentrations. 
The percentage inhibitor efficiency (%P) was calculated using the equation 
%P = [ (Wo-  w)/Wo] x 10o 
where Wo and W are values of the weight losses without and with inhibitor 
respectively. The variation of %P with 2-MP concentration i  0-1 M H 2 SO4 at 303 K 
is shown in figure 1, for various crystal planes. The degree of protection was found 
to be in the order (110)> (100)> (I 11) for 10 -2 M 2-MP, the concentration at which 
maximum corrosion inhibition was observed. As shown in figure 2, a linear variation 
of weight loss with duration of immersion was observed with 2-MP. In order to study 
the effect of temperature on the corrosion rates in 0-1 M H2SO 4 containing 2-MP, 
experiments were conducted in the temperature ange 288-318 K. The results given 
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Figure 2. Variation of weight loss with immersion time in the absence and in the presence 
of 10- 2 M 2-MP. 
Table 2. Variation of dissolution rate with temperature in 0-1 M 
H2SO, in the presence of 10 -z M 2-MP. 
Dissolution rate (mg/cm2/h) 
Tempera- 
ture (K) (I00) (110) (111) 
288 0-065(0-007) 0-076(0004) 0-0466(0-007) 
303 0-076(0-012) 0-091(0-007) 0-0600(0-0132) 
318 0-095(0-019) 0-110(0-013) 0-0800(0-021) 
Dissolution rates in the presence of 10 -2 M 2-MP are given in 
parentheses. 
in table 2 indicate that the dissolution rates increase with increasing temperature, 
whereas %P decreases with increase in temperature. 
3.2 Polarization measurements 
Galvanostatic anodic polarization of copper single crystals was carried out in stirred 
0-1 M H2SO4 containing various concentrations of 2-MP in current density of the 
range 0"5-15 mA/cm 2 at 303 K. At any given current density the overpotential drifted 
slightly with time and attained steady values on all the copper single crystal planes. 
On (100) and (110) planes the overpotential increased to steady values, while on the 
(111) plane it decreased to steady values. On the (100) and (110) planes, the steady 
state overpotentials are 90 and 72 my, respectively, while on the (111) plane the steady 
state corresponds to a value of 110my. In the presence of 2-MP the steady state 
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overpotentials on (100), (110) and 01D planes are 155, 143 and 175, respectively. The 
magnitude of the increase in overpotential depends on the concentration of 2-MP in 
the medium. A typical plot (figure 3) shows the variation ofoverpotential with thickness 
of the metal removed by anodic dissolution at 5 mA/cm 2 in 0-1 M H2 SO4 containing 
2-MP on the (100) plane. 
The steady potential values were used to construct Tafel plots on all the crystal 
planes. Figure 4 is typical of such a plot on the (100) plane. The anodic Tafel slope 
of 45 + 5mV/decade obtained in uninhibited acid increased with increasing 2-MP 
concentration on all the planes. However, 2-MP had no effect on the cathodic 
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Table 3. Variation of corrosion current density (it,,,) and anodic Tafel slope (b) for copper 
single crystal planes in stirred (3-1 M H2SO, ~ containing various concentrations of 2-MP at 
298 K. 
Copper 
planes 
Pure acid 10-SM 2-MP 10-4M 2-MP 10-3M 2-MP 10-2M 2-MP 
(mA/em 2) b(mv) (mA/em 2) b(mv) (mA/em 2) b(mv) (mA/em 2) b(mv) (mA/em 2) b(mv) 
(100) 0-042 44 0-035 48 0-032 52 0-015 54 0-007 56 
(110) 0-12 42 0-11 46 0-10 52 0-06 56 04)10 58 
(111) 0-018 44 0015 48 0-012 52 04)1 54 0-004 56 
Table 4. Comparison of surface coverage (0) values obtained from weight loss 
and polarization studies for copper single crystal planes in 0-1 M H2 SO,, containing 
various concentrations of2-MP. 
Surface coverage(O) 
(100) (110) (11 l) 
2-MP 
Concent- Wt. Polariza- Wt. Polariza- Wt. Polariza- 
ration loss tion loss tion loss tion 
10-SM 0-15 0-166 0-09 0-0833 0-166 0.166 
10 -4 M 0.23 0.238 0-181 0.166 0.340 0.330 
10 -a M 0.65 0-642 0-516 0-500 0-451 0-444 
10- 2 M 0-842 0-833 0-923 0.916 0-780 0.777 
polar izat ion potential.  Tafel line extrapolat ions to free corros ion potentials yielded 
corrosion currents. Inhib i tor  efficiencies were calculated from the polar izat ion 
potential  data  also using the following equat ion 
%e = [ ( i  - i*)/ i ]  x 100 
where i and i* are the corrosion currents in the absence and presence of 2-MP.  The 
values of corrosion currents and Tafel slopes for various inhibitor concentrat ions are 
listed in table 3. The surface coverage (0) values are calculated using the equat ion 
0 = 1 - (W/Wo),  
from the weight loss measurements while it is calculated from polar izat ion studies 
using the equat ion 
0 = 1 - (i*/i). 
The 0 values from both the techniques are found to be in good agreement for all 
concentrat ions of 2 -MP (table 4). 
3.3 Surface topography 
The surfaces of copper single crystal planes appeared bright with occasional pits after 
chemical dissolut ion in 0-1 M H2SO 4 as well as in the presence of 2-MP.  
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Copper single crystals when anodically dissolved in 0.1 M H2SO 4 as well as in the 
presence of 2-MP showed distinct surface characteristics. On (100) plane layers with 
occasional square pyramidal etched pits appeared in a low current density range of 
0.5-5 mA/cm 2 in pure acid (figure 5a). The density of these pyramidal pits increased 
with increase in current density. When the concentration f2-MP was increased upto 
10-2 M, these pyramidal pits gradually transformed to random type (figure 5b). (1 I0) 
plane at all current densities investigated showed ridge-type tching in pure acid 
(figure 5c). However, in the presence of critical concentrations of 10-2M 2-MP, the 
copper (110) plane dissolved randomly at all current densities. The triangular 
pyramidal etched pits (figure 5d) observed on (111) plane at all current densities in 
pure acid transformed completely to random type in the presence of 10 -2 M 2-MP. 
The corrosion of copper in aerated acidic solution is a result of two partial reactions 
Anodic: 2Cu,-~-2Cu § + 2e, (1) 
Cathodic: 2Cu §  §  2§  (2) 
The observed Tafel slope of 40 ___ 5 mV/decade in 0.1 M H 2 SO4 is consistent (Fischer 
1973; Uma et al 1977) with the mechanism of rapid formation of Cu § ions as an 
intermediate in the anodic reaction, followed by the rate controlling oxidation of 
Cu + to Cu 2§ (Jer~kins 1966; Bertocci 1968) 
Cu.-~-Cu + + e, (3) 
rda 
Cu § ~ Cu 2 § + e. (4) 
The cathodic reduction of oxygen may be accelerated by the presence of Cu + ions 
and in the absence of inhibitor it is likely that it is under diffusion control. 
The change in Tafel slope (table 3) in the presence of inhibitor indicates the 
interference ofinhibitor in the mechanism of copper corrosion as the rate-determining 
step. 
It is known that corrosion of metal is initiated at the reaction sites (Cabrera and 
Vermilyea 1958) (defects) and it has also been shown that the dissolution isa reciprocal 
of growth processes i.e., the characteristic etched figures observed on different crystal 
planes resembled the growth patterns of copper when copper was deposited on to 
copper single crystal planes. The mechanism ofthe formation ofetched pits on different 
orientations of copper has been explained in detail earlier (Sheshadri and Setty 1973). 
The changes in the dissolution characteristics of copper single-crystal planes in 
presenoe of 2-MP as well as in the rates of dissolution of copper may be attributed 
to the formation of a complex (Cu-2-MP) film and its adsorption on copper 
single-crystal surface. 
Infrared spectral studies on the corrosion product of corrosion reaction in acidic 
solution indicate that copper ions form a complex (Cu-2-MP) utilizing more than 
one ring nitrogen of the two pyrimidine molecules (ligating to the cupric ions) which 
are also the product of corrosion (Sigel 1974). The Cu-2-MP complex thus formed 
has very low solubility in acidic solution and hence precipitates at the active sites on 
the copper surface. The adsorbed complex affects the corrosion behaviour of copper 
in acidic solution. 
In the presence of 2-MP the changes in the type of etch figures observed can be 
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attributed to adsorption of the Cu-2-MP complex at the reactive sites. The number 
of such reactive sites blocked by adsorption is proportional to 2-MP concentration. 
At high concentration f2-MP all the reaction sites become blocked by the Cu-2-MP 
complex film. In the presence of such a complex film, the single-czystal surfaces no 
longer exhibit surface topographical properties but only dissolve randomly. 
The variation of polarization potential during anodic dissolution of copper 
single-crystal planes has been explained by earlier workers (Sheshadri and Setty 1973). 
However, when Cu-2-MP complex film is present on the surface, the removal of 
copper atoms from the reaction sites becomes more difficult and needs high energy. 
The increase in the anodic polarization potential observed in the presence of 2-MP 
is in accordance with this argument. This is also being supported by the observed 
linear variation of overpotentiai with surface coverage (0) (figure 6). 
The nature of the inhibitor interaction with the metal surface during corrosion 
inhibition has been deduced from the adsorption characteristics. In most cases the 
adsorption of inhibitor from the corrosive medium is a quasi-substitution process 
(Bockris et al 1963), 
Inhibitor (solution) +nH 20(ads).-~-inhibitOr(ads) +nH 20(solution), (5) 
the thermodynamics of which depends on the number n of water molecules (dipoles) 
replaced by an inhibitor molecule during adsorption at the metal-solution i terface. 
The value of n for a given inhibitor depends on the mode of adsorption. The standard 
free energy of adsorption AG ~ of such a process can be evaluated using an adsorption 
isotherm (Bockris and Swinkels 1964) as follows: 
AG ~ = - R Tin [(Xo,,..d,)(X~,.,~,)]/[(X~,.,d,)(X,,,S.~,) ]. (6) 
For dilute solutions 
X,,.,,l = 1 and Xo,s.~l = C0,s/55-4. 
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On the surface 
Xorg  ads = T~ 
' ?on + z,," (7) 
?ors and ?,~ are the numbers of moles of organic material and water respectively per 
unit area. 
Using %,- = 0? . . . . .  , and ? . . . . .  = nz . . . . . .  ,, we have 
Ozm,~,on 0 
Xor ,  ads  - -  ^ = (8 )  
9 ~T . . . . .  ,+(1 -O)n 'Cm.  . . . .  , O+n(1- -O)  
Similarly 
X,,,,d, = n(1 -- 0)/[0 + n(1 -- 0)3. (9) 
Introducing (8) and (9) in (6) we obtain 
AG ~ = - 2"303 R T log F 55"4 { (0) + n (1 - 0) }" -~ ] 
L Co,, (,l 0)" x . (10) 
The corresponding isotherm is 
o {o+. (1 -o )} ' - '  co,, 
(1-0) '  n" =5-574exp~/" (11) 
where Co,. is the concentration of inhibitor in the bulk of the solution. When n = 1, 
(11) reduces to the familiar Langmuir  equation. The standard free energies of 
adsorption at the adsorption max imum extrapolated to zero surface coverage on all 
the planes are - 20.7 kJ/mol. The high surface coverage value indicates a significant 
interaction of inhibitor molecule on the copper surface. The apparent  standard free 
energy of adsorpt ion calculated on the basis of (10) then varies with surface coverage 
as shown in figure 7. 
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A plot of [0/(1 - 0)"] [{0 + n(1 - 0)}"-X/nn'] versus inhibitor concentration was 
made tO evaluate the most probable value of n. The n values for 2-MP on the (100), 
(110) and (111) planes were found to be 27, 15 and 35, respectively (figure 8), indicating 
different modes of adsorption on different single crystal planes. The entropy of 
adsorption AS ~ for the inhibitor on the copper crystal planes was evaluated from the 
relationship between AG o and T (figure 9), and from the values of AG ~ and AS ~ the 
heats of adsorption AH ~ were calculated. Values of o o AG , AS and AH ~ along with 
the energy of activation values with and without inhibitor are given in table 5. The 
calculated values of free energies of adsorption and the heats of adsorption are in the 
same order (110)> (100)> (111) as the inhibitor efficiencies for the copper single- 
crystal planes in the presence of 10- 2 M 2-MP. The magnitudes of AS ~ and AH ~ are 
in accordance with the occurrence of a replacement process during adsorption of 
inhibitor molecules at the metal-solution i terface (Gileadi 1965). 
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Table 5. Thermodynamic parameters for adsorption of 
2-MP on copper single crystal planes in 0-! M H2SO,  t
containing 10 -2 M 2-MP. 
Thermodynamic 
parameters (100) (110) (111) 
-- AG~ 29.427 41.865 24.212 
A/~. (kJ/mol) 46.323 79.335 36-388 
~,(J/K) 2.S0 ,tOO 2OO 
E,(kJ/mol) 26.805* 29-283 25"523 
(9.57) (8'8) (14.36) 
*Values of energy of activation (E.) in 0-1 M H2SO 4 are 
given in parentheses. 
The negative values of AG ~ obtained suggest a strong interaction between inhibitor 
molecule and copper surface during corrosion. The values of %P depend on the ease 
of adsorption of the inhibitor as well as the substrate crystallographic orientation. 
The higher values of %P observed with 2-MP arc important characteristics of 
chemisorption (Hackerman et al 1966). The shift of corrosion potential to more noble 
values (with respect to the value in uninhibited acid) together with the ineffectiveness 
of 2-MP on the cathodic polarization potential of copper, indicates that 2-MP acts 
as an anodic inhibitor. 
4. Conclusions 
Studies on the corrosion bchaviour of single crystalline copper in dilute sulphuric 
acid with various concentrations of 2-MP as inhibitor have led to the following 
conclusions: 
(a) the dissolution rate of copper decrcases with incrcase in the concentration f2-MP; 
(b) the anodic Tafei curves are shifted to higher potentials by 2-MP additions; 
(c) weight loss increases linearly with period of immersion; 
(d) dissolution rate increases and inhibitor efficiency decreases with increasing 
temperature; 
(e) the dependency ofinhibitor efficiency on 2-MP concentration a d crystallographic 
orientation. 
These observations suggest that 2-MP inhibits the acid corrosion of single crystalline 
copper through surface adsorption. 
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